Abstract-Optical lifetime of the first mirror is a critical issue for the ITER upper port plug core charge exchange spectroscopy diagnostic (cCXRS). A fast shutter is engaged to protect the mirror from depositions between measurements. The prototype shutter will be examined in a test vacuum vessel that is now under development in the Forschungszentrum Julich, Germany.
INTRODUCTION
Forschungszentrum Jillich, Germany (FZJ) with partners has been developing concepts for the ITER upper port plug core charge exchange spectroscopy (cCXRS) diagnostic system that represents a labyrinth of optical mirrors [1] . The fIrst mirror (Ml), the closest to plasma, is the most vulnerable structure component subjected to depositions that drastically reduce its optical performance. To decrease the mirror degradation a fast shutter is engaged. Located in the near plasma harsh environment the shutter experiences high thermal and electromagnetic (EM) loads. An intermediate shutter design option was briefly presented in the work [2] . This paper deals with the prototype shutter for the port plug reference design. The shutter will be examined in a test vacuum chamber that is under development in the FZl Multi-fIeld analyses have been conducted to evaluate the shutter structural performance.
The main structural features of the shutter are presented in section II. Numerical approaches used to build the ANSYS FE models [3] aiming for multi-fIeld static/dynamic studies are discussed in detail. Section III describes the shutter structural behavior under the service (pressure) load. Section IV deals with the shutter transient EM -structural analyses. The shutter thermo-stress analyses are described in section V. The shutter mechanical performance is discussed in section VI.
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II.
SHUTTER MECHANICAL STRUCTURE AND FE MODELING
A. Shutter Me chanical Structure
The steel shutter consists of two flexible arms � 1.5 m long carrying protective blades at their front ends and attached to a gas actuator at the rear ends (Fig. 1) . The inner parts of arms are bolted to the movable actuator piston while the outer ones are attached to the stationary actuator housing. The actuator is fIxed to the retractable tube (RT) that holds the Ml and shutter and allows their maintenance. A water cooling tube is welded to the arms in a way to limit the arms' temperature and minimize their thermal distortion. The protective blades taking the most heat load are directly welded to the loops of the cooling tube.
The passively cooled gas actuator consists of two chambers, the outer (P-) and inner (P+) ones, separated by bellows. Both are initially pressurized. When the pressure in the outer chamber is higher then in the inner one, the shutter is closed. With the pressure rise in the inner chamber, the piston moves forward making the arms bend laterally. The blades move apart thus opening the mirror for measurements. To avoid frictionlbearing mechanisms, the movable piston is attached to the housing via sets of elastic flexible discs guiding the piston longitudinally and resisting loads acting on the shutter arms. To fIx the extreme arms positions the outer and inner bumpers are designed. The bumper system includes soft pads and stoppers facing the pads. For stability reason, a certain arms' pre loading against the bumpers is provided in both shutter positions. The blades, to facilitate a heat transfer to the cooling tube while to limit induced eddy currents, are designed as a set of steel sheets cladding bronze strips. The main requirements to the fast shutter are summarized as follows:
• The closed shutter should provide maximum protection for the M 1 during operation and baking
•
The open shutter should provide access for a full signal on the mirror in the time range of 1-10 seconds
The arms have to keep stable on the inner/outer bumpers during service and EM loading. Their dynamic oscillations should decay within 1 second
The shutter should satisfy the ITER structural criteria
B. FE Mo deling
Modeling strategy for numerical multi-field problems has to be carefully built up. The main aim of the shutter modeling, the model strength and its limitations are described below.
1) Ma in aim of modeling and expected results:
The FE modeling is a compromise between the models' accuracy in high field gradient regions and limitation on the model size to allow time consuming transient analyses. The static strength of the shutter and its dynamic behavior should be evaluated. Some local problems may be revealed and selected for further detailed sub-modeling. Requirements to the bumper pad material have to be defined.
2) CAD geometry reasonable simplification: Redundant model details like chamfers, fillets, threads etc., distant from expected field concentrators, are removed. The bolted/keyed connections are modeled as surface to surface contacts. Loads on the bolts/keys are calculated from the nodal reaction forces.
3) FE model flexibility: Since the main shutter parts like arms, cooling tube, flaps and actuator elements underwent periodical design changes they were modeled and meshed separately and connected via their interfaces. The cooling tube model was developed in parametric way, externally to the ANSYS programm. An arbitrary tube cross-section was made possible.
4) Parts merging:
The ANSYS offers the contact technology tool to link different parts with dissimilar meshes. It merges the nodal unknowns using the "bonded always" option. A key feature of the shutter is a bending of the relatively thin arm plates together with the welded cooling tube. Since the tube deliveres up to 75% of the arm bending stiffness, the structure is very sensitive to a contact algorithm used to merge different parts and to transfer shear forces from the arm plate to the tube. The ANSYS MPC and Pure Lagrange algorithms, based on the Lagrange multipliers method, proved to work correct. Other algorithms, like Penalty, depending on parameters specified for artificial interface springs, are not quite reliable for such structures.
Identify applicable sponsorls here. (sponsors) 5) Choice of finite element type: A tradeoff between the linear-quadratic or the hexahedral-tetrahedral element types was the important modeling issue. High order quadratic elements can be used in the thermo-structural analyses. This is not true for the EM-structural modeling since the ANSYS EM models are restricted to the linear elements. To accuratelly model the eddy currents flowing in the shutter, regarding the limits on the model size, the hexahedral linear elements were preferred.
6) Load transfer:
For the thermal-structural models built with the same meshes a direct transfer of the nodal temperatures was used. From the EM model that is build with linear elements (mid-nodes of structural quadratic elements are removed) the EM nodal forces were transferred to the comer modes of structural quadratic elements. This method, because of different elements' shape functions, can't give mathematecally correct moments on individual elements. It works well for relatively fine meshes providing correct summed moments on the structure parts and "smoothing" the element disturbances. To transfer the calculated EM forces to the structural dynamic model (reduced structural model), the external transfer code was employed. It seeks for each "loaded" node of the source model (EM) the geometrically nearest nodes of the target (structural) model. The method implies engineering considerations of a force distribution, a sound choice of an epsilon neighborhood for target nodes and reliable checks of calculated moments. Note that its advantage is to transfer loads between dissimilar meshes and even between slightly different geometries.
III. STRUCTURAL ANALYSIS OF SHUTTER UNDER SERVICE
PRESSURE LOAD
A required pressure rise in the actuator inner chamber to open the shutter is defined by a static stress analysis. An excessive actuator pressures, pre loading the arms against the inner/outer bumpers to suppress the arms' oscillations during shutter service, are confirmed by means of a dynamic analysis.
A. Structural FE model for static analysis
The most of the structure is meshed with the linear hexahedral elements. The bellows and flexible discs, experiencing the highest bending, are built with the quadratic elements. The arms' bendable parts and their bridges, being the expected locations of the stress gradients, have a reasonably fme mesh (Fig. 2) . The blades are also meshed relatively fine keeping in mind the following EM and thermal analyses.
Separately meshed model parts are linked together. A non linear contact behavior is modeled between the arms and bumpers. The actuator as well as the inner bumper pads and outer bumper stoppers are hold by the RT. Since the RT is not modeled these elements are numerically fixed in space. The FE model, counting up to 125,000 elements and resulting in 835,000 equations, looks well balanced in terms of a model size and expected multi-fields' accuracy.
Ar m sect i on Bl ades Ar m movabl e par t Ar m bendabl e par t The properties of the structural materials (316LN-IG and CuCrZr-IG) were specified according to [4] . To damp oscillations of the prototype shutter arms during operation, some foam material will be chosen for the bumper pads [5] . In this analysis, for further selection of a proper foam material, some soft linearly elastic material is used. The allowable stresses for structural materials are defined according to [6] . The loading history includes the gravity, cooling water pressure of 3 MPa, actuator pressures to preload the closed shutter (P-= 0.08 MPa, P+ = 0.04 MPa) and to preload the open shutter (P = 0.08 MPa, P+ = 0.352 MPa).
B. Shutter under pressure load: static vs dynamic
The estimated pressure force to preload the closed shutter is 0.5 kN. To open and preload the shutter on the outer bumpers, the force of 5.7 was assumed for analysis. When the shutter is open its arms move apart by �40 mm each and the stroke of the actuator piston reaches 1.9 rom (Fig. 3) .
The stresses in the open shutter are given in Table I and Fig. 4 . The bending stresses prevail. The stresses satisfy Level A structural criteria for the loading conditions of Category I [7] . Stresses in the arms and cooling tube are modest. The large bellows and flexible discs experience rather high bending, mostly caused by their axial movement during shutter opening. An important safety feature of the shutter is that in both extreme positions its arms are locked by the bumpers against further bending in case of some accidental pressure rise. The axial stopper limiting the piston stroke is also foreseen. Since the fast shutter can operate within 1 second, its dynamic behavior has been investigated. The sinusoidal pressure rise/drop in the inner chamber during 0.7 s was modeled (Fig. 5) . The shutter FE model was reasonably reduced by � 15 %. The shutter dynamic opening/closing was studied. The time step for the analyses is as small as �80 !is to reliably catch the arms rebounds with frequencies up to 80 Hz. Rather conservative damping ratio is used in the analysis (2% for 20 Hz). Both analyses resulted in � 17 ,000 iterations and took around 5 days each on a modem office PC (Xeon, 8 cores, 64 GB RAM).
Since the bumpers restrain the arms' movements, the structure dynamic stress-state has not visibly changed compared with the static solution. The issue is the arms' rebounds and the contact pressure on the pads. 
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IV. SHUTTER EM-STRUCTURAL ANALYSIS
A. Shutter EM analysis
The shutter EM-structural modeling utilizes the "express" approach. For clarity, though this method was described and validated for the shutter models in the work [2] , its main features are shortly summarized below.
For small conducting components, hosted by massive shielding structures, their detailed EM models can be built without "air" elements connecting conducting parts. The boundary conditions for such models are taken from the global EM model containing the massive structures only. The impact of the eddy currents, induced in a small component, on the changing external magnetic flux is neglected.
The global ITER EM model addressing the main upper port plug features was developed and validated by the FZJ [2] . The electrical connections between the plug structures don't let the halo current flow though the shutter. The fast linear plasma VDE scenario (36 ms) was found to result in the highest plug eddy currents. This scenario was selected for the shutter EM analysis. The fast VDE falls into the loading Category II [7] .
The boundary conditions on the outer surfaces of the shutter conducting elements (components of the vector potential) are derived from the global EM model. To connect dissimilar meshes (by VOLT degrees of freedom) the ANSYS Coupling Adjacent Regions method was used. Note that the contact technique is not applicable for such EM problems. To avoid high bending moments on the shutter due to the eddy currents, bridging the shutter with the R T via the bumpers and actuator, the bumpers are electrically isolated. The transient EM analysis has been performed for both extreme shutter configurations. The mechanical moments on the shutter arms peak at the end of the fast VDE (Fig.7) . Each arm is mainly loaded by the twisting moments of about 45 Nm. These moments are determined by the eddy current loops closing in the arm plates. The currents flowing in the blades contribute to a lesser extent.
B. Shutter under EM loading: static/dynamic stress analyses
The EM forces corresponding to the maximal mechanical moments on the shutter were used for the static stress analysis. The impact of the EM loads on the stress-state of the open shutter is relatively small (Fig. 8) . Additional bending of the cooling tube due to the arms' twisting was revealed. The twisting of the inner arms is resisted by the flexible discs. Table  II summarizes For subsequent dynamic analyses the whole loading time history was employed. The oscillations around the bumpers start at the end of the VDE and decay within 0.6 s. The amplitudes of rebounds don't exceed 1.5 mm (Fig. 9) . Oscillations of close shutter, mm Figure 9 . Oscillations of shutter blades in both shutter extreme positions under EM loading.
Even during oscillations the blades of the closed shutter overlap and prevent the M 1 from depositions. The averaged contact pressure on the bumper pads during first rebounds is less than 0.05 MPa with peaks up to 2.5 MPa.
V. SHUTTER THERMO-STRESS ANALYSIS
A. Shutter steady state thermal analysis
The structure is mainly heated by the volumetric neutron loading. The calculation technique is described in [8] and the recent results for the shutter are plotted in Fig. 10 . The shutter blades are additionally subjected to a radiation heat flux coming from the plasma and Ml. They are estimated as 20 kW/m2 and 4 kW/m2 respectively. The total thermal power absorbed by the structure is 670 W. The third of this power is due to the radiation fluxes. The actuator, distant from plasma, absorbs only 0.3 W.
The shutter arms are actively cooled by the water flowing through the cooling tube. The gas (He), pressurizing the actuator, was initially aimed for its passive cooling. Because of low thermal power coming to the actuator, it is assumed to be only conductively cooled via the arms-piston contacts. This can simplify layout of a gas supply system.
The main water parameters used for calculation are: hydraulic diameter -8 mm, inlet temperature -70 C, pressure -3 MPa, flow rate -0.3 mis, heat transfer coefficient -7900 W/m2-K (turbulent flow).
An ideal contact (no contact resistance) was used to link parts together (contact technology). Only on the interfaces, where the arms are bolted to the actuator, the contact conductance of 500 W Im2-K was specified. It was estimated according to the work [9] and a quite conservative value was assumed for the analysis. The calculated temperature field is given in Fig. 11 . The temperature rise in the blades achieves 167 K. The temperature change over the actuator is 2 K. The heating of the cooling water is 11 K. 
B. Shutter static thermo-stress analysis
The nodal temperatures are directly applied to the structural model. Temperate dependent material properties are used. Slight distortion of the arms, mostly due to the temperature change across the actuator, was found. In both extreme positions the shutter under the thermal load remains pre loaded and the blades of the closed shutter still overlap.
The thermo-stresses are categorized as the secondary ones and have no impact on the primary stresses [6] . The stress-state in the most loaded components like the flexible discs and bellows did not visibly change due to the thermal loading. The secondary thermo-stress in the arms and cooling tube are within the allowable limits. The main problem revealed by the analysis is the high thermo-stresses in the blades.
The problem areas are located at discontinuity between the welded hot blades and cool tube. The elastically calculated thermo-stresses on the blade surface along the weld perimeter are shown in Fig. 12 (bottom) . High temperature gradients in this region can be also seen in Fig. 12 (top) . Because of a thermal expansion the blade heated area, that is clamped inside the loop of the cooling tube, this area is compressed. Contrary, at the blade unsupported edge the tension develops.
The situation can be improved by using the supporting fillet weld along the discontinuity. The weld can smooth peaks and redistribute temperature and stresses. Further sub-modeling of these regions is required to address true values of peak stresses for fatigue evaluation. Figure 12 . Temperature field and peak elastic thermo-stress in blades welded to cooling tube (grey -for stress under yield limit at working temperature)
VI.
RESULTS DISCUSSION
The prototype shutter for the port plug reference design option has been numerically studied. The main modeling goals are achieved. The static strength of the shutter under the service, EM and thermal loading has been confirmed for the ITER structural criteria Level A. The earthquake loading conditions specified by ITER (structural criteria Level C) don't seem to be a problem and can be simulated soon. The buckling analysis will be performed for the small bellows that working under the external pressure that is not that high. Since the structure is well locked by the bumpers and axial stopper in the extreme positions, the limit analysis may be only performed for the large bellows under the internal pressure. The shutter baking procedure is out of scope of this paper.
The model satisfactory addresses the peak stress in most loaded components for fatigue estimation. Elastic strain range in the large bellows is 0.105 %. Even with corrections for small plasticity, the strain range is under 0.174% which is allowable value for 316LN-IG steel for 106 loading cycles [4] . The problem of high cyclic thermo-stresses in the blades should be solved. Proposed design solution can be studied by means of further sub-modeling.
The shutter dynamic behavior is in line with requirements.
Energy absorbers, like foam materials presented in [5] , can work more effectively then linear elastic material. Using the calculated pressures on the bumper pads, a foam material can be selected.
The shutter cooling structure is able to withstand neutron loads specified by the ITER project. For the port plug reference design the shutter actuator can be cooled via conduction to arms, without being passively cooled by a gas. For other plug designs the considerable radiation fluxes could be an issue for the shutter blades. The matter is under study. Neutron damage of the shutter structural materials is to be taken into account for the shutter options located closer to plasma. 
